Ionic conductivity blocking at grain boundaries in polycrystalline electrolytes is one of the main obstacles that need to be overcome in order to improve the performance of solid state fuel cells and batteries. To this aim, harnessing the physical properties of grain boundaries in ionic conducting materials such as yttria stabilized zirconia (YSZ) down to the atomic scale arises as a greatly important task. Here we present a structural and compositional analysis of a single grain boundary in a 9 mol% yttria content YSZ bicrystal by means of aberration corrected scanning transmission electron microscopy. Our studies combine strain and compositional atomic resolution analysis with density-functional-theory calculations in order to find a preferential segregation of yttrium to the expansive atomic sites at the grain boundary dislocation cores. These results address a crucial step towards the understanding of the physical properties of grain boundaries down to atomic dimensions.
Introduction
The functionality of materials and devices is critically determined by the physical properties of small active regions such as surfaces, interfaces and grain boundaries. Chemical inhomogeneities within these regions, such as those produced by segregation of dopants to grain boundaries determine the physical properties of the boundary and thus the macroscopic response of materials and devices [1, 2] . In particular, the performance of ionic conducting materials is greatly affected by the presence of such interfaces [3] [4] [5] . Polycrystalline ionic conductors are commonly used as electrolytes of solid oxide fuel cells (SOFCs), so ionic blocking processes at grain boundaries constitute one of the main obstacles demining their performance [6, 7] . Therefore, it is crucial to understand the mechanisms controlling the segregation of dopants to grain boundaries as well as the ensuing structural deformations [8, 9] . This is a particularly pressing need when studying oxygen ionic conductors such as yttria 3 Y 2 O 3 stabilized zirconia ZrO 2 (YSZ). YSZ is a prototypical ionic conductor used as electrolyte in SOFCs [10, 11] . Zirconia can be stabilized into a fluorite cubic structure at high temperatures, when vacancies at the oxygen anion sites tend to form favoring the oxygen ionic conductivity. When doping with yttria, the lower oxidation state and larger radius of the Y 3+ ions promote the introduction of oxygen vacancies into the crystal and stabilize the high temperature cubic fluorite structure at room temperature. These characteristics make of YSZ a good candidate as an oxygen ionic conductor. But strain fields and structural deviations near extended defects such as grain boundaries have complex effects on the local composition and, thus, on the carrier doping and mobility.
In this scenario, the determination of preferential atomic sites for dopant segregation at grain boundaries with atomic precision is still challenging. Real space probes such as aberration corrected scanning transmission electron microscopy (STEM) combined with electron energyloss spectroscopy (EELS) has proven to be a much powerful technique to study materials even down to the single atom level [12] [13] [14] [15] . Thus, the capabilities of STEM-EELS for determining the atomic structure and composition of grain boundaries in an atomic-site-byatomic-site fashion provide a unique tool in order to address these issues. In this work we report an atomic resolution strain analysis of grain boundaries in ionic conductors via atomic resolution STEM-EELS and relate our findings to the chemical variations taking place. We have studied an yttria 9 mol% YSZ bicrystal with a single grain boundary. Previously, we found a significant yttrium segregation to the grain boundary dislocation cores [16] , although the specific sites of segregation or any dependence on the local strain were not determined.
Here we report an inhomogeneous strain landscape around the boundary in the form of compressive and expansive sites at the dislocation cores along the grain boundary by detailed measurements of the local strains. Then, we use atomic resolution EELS to probe the 4 chemical variations at the grain boundary, identifying the dependence of yttrium segregation with the local strain and explain the local properties of the system by density functional theory calculations.
Experimental Section
The YSZ bicrystal was made by means of solid phase intergrowth. [17] . This approach has successfully served to quantify local strain distortions in atomic resolution STEM images [18] . For the compositional analysis, a series of EEL spectrum images were acquired using an Enfinium Gatan spectrometer, which allows simultaneous acquisition of low (O K edge) and high (Zr and Y L 2,3 edges) energy-loss edges. For spectrum imaging, the electron probe is raster scanned along the region of interest and an EEL spectrum is acquired in every pixel. The EEL spectrum images were acquired with a 1 eV/channel dispersion and an exposure time of 0.05 seconds/pixel. Principal component analysis was used to remove random noise [19] . Density functional theory calculations were used to obtain the theoretical energies and atomic structure of the bicrystal. For the calculations, the projector augmented-wave method (PAW) [20, 21] as implemented in the VASP code [22, 23] was used.
Results and Discussion

YSZ bicrystal grain boundary characterization
The orientation relationship between the two single crystals and the structural quality of the sample was determined from atomic resolution STEM images. bicrystal grain boundary was measured from the FFT. We obtain a 68° angle between the symmetric reflections of both crystals, which is close to the expected value.
Atomic strain analysis at the grain boundary dislocation cores
We use now the PPA routines [17] to determine the local strains at the grain boundary region.
The presence of an array of dislocation cores along the grain boundary is known to produce a highly inhomogeneous strain field within the neighboring area, with the formation of compressive and expansive strain regions [24] . Usually, larger ions occupy the expansive strain sites and smaller ones the compressive ones in order to help release any local strains [25] , so in our case, yttrium is expected to occupy the expansive sites when segregating to the grain boundary. Figure 2(a) shows an atomic resolution HAADF image used for the strain analysis.
As the reference lattice is not equal for the whole image due to the relative miss-orientation [26, 27] , in-line holography [28] and large-angle illumination STEM [29] bring closer the much interesting possibility of experimentally determining the three-dimensional structure of grain boundary dislocation cores with atomic precision.
Mapping the chemical variation at the YSZ grain boundary
In order to correlate the structural analysis of the grain boundary with any chemical variations taking place at the dislocation cores we use next atomic resolution electron energy-loss spectroscopy techniques. EELS techniques allow identifying compositional changes for the specific atomic sites within the grain boundary. This is not an easy task because the signal arising from inelastic scattering, as the one used for EEL spectroscopy, is broadened by the spreading of the probe as it passes through a material (dechanneling) and by the delocalization of the ionization events producing the signal itself [30, 31] . Thus, the signal acquired when the probe is placed over a specific atomic site also contains information originating from the neighboring columns. Due to the lower delocalization of the L 2,3 ionization interaction, we choose to analyze the Y and Zr L 2,3 edges at 2080 eV and 2200 eV respectively, which will allow obtaining more accurate results. An EEL spectrum image was acquired from the area marked with a yellow box in Figure 3(a) . The EELS integrated intensity maps for all atomic species are shown in Figure 3 (b). Noticeable compositional changes are observed with the periodicity of the grain boundary dislocation cores [32, 33] . We find a higher Y signal at the dislocation cores along with a reduction of both Zr and O intensities. Such changes in the EELS signal are highly localized on the grain boundary region.
In order to quantify any chemical changes at the grain boundary a quantification of the relative composition was carried out. It is important to note that the structural distortions at the grain boundary affect the signal acquired by the EELS detectors when compared to the bulk. Grain boundaries present a lower atomic density due to partially occupied columns, as hinted by the reduced contrast of some atomic columns at the dislocation cores in the HAADF images. Also, grain boundaries have a disordered structure which will affect the way the electron beam channels through the sample [34] . Thus, it is often preferable in general to perform the quantitative composition analysis in reduced channeling conditions, which is accomplished by slightly tilting the crystal out of axis. Indeed in previous works based on this approach we have found a difference of a few percent between on axis and out of axis conditions [16] . However, in our case we aim to compare the strain analysis above with the composition of specific sites within the grain boundary, so it is necessary to acquire the EEL spectrum images on-axis conditions. It should be then noted that our quantitative values can be slightly affected by the not optimal conditions but the overall trends found should be robust. the GB dislocation cores. This result is expected as Y is known to segregate to the grain boundary region [34] [35] [36] [37] . The experimentally measured zirconium and oxygen relative compositions both decrease at the grain boundary dislocation cores, but not as much as hinted by the direct EELS intensity maps. The oxygen relative composition decrease can be related to the accumulation of oxygen vacancies. We could not detect any variations associated with nanometric wide oxygen vacancy depleted space charge regions [38, 39] in agreement with a previous report in this YSZ grain boundary [16] . This is still a subject of controversy and several theoretical studies have explained the chemistry of YSZ grain boundaries without the formation of any layer depleted of oxygen vacancies and emphasize the importance of 9 resolving the specific atomic arrangements [40, 41] .
Determination of the Y segregation with atomic site precision
The quantitative results obtained from the atomic resolution EEL spectrum images allow correlating the compositional changes taking place on the dislocation cores with the structural distortions found in the strain analysis. We will focus on the expansive and compressive sites of the grain boundary, as determined by the strain analysis. O and in all cases, within our experimental error. On the other hand, we find much stronger variations at the expansive site E 3 . The yttrium content in this atomic site doubles the one in the bulk, suggesting a highly preferential segregation to the position under higher expansive strain. In fact, density-functional theory calculations indicate that Y segregates to the grain boundary with a segregation energy of 2.9 eV [16] . Y preferentially substitutes Zr at the E 3 expansive site of the grain boundary, in agreement with experiments, and despite the larger coordination number. Such results were already reported in our previous publication, and here they are only used to discuss new experimental evidence in the context of those previous calculations. This result is consistent with the decrease in oxygen concentration measured at this site. Y 3+ ions lower the energy formation for oxygen vacancies [16] and hence, promote the localization of vacancies at the grain boundary, keeping charge neutrality and releasing strain at the core [42] .
Conclusions and Summary
In summary, we have analyzed the structural distortions and chemical variations taking place at a 9 mol% yttria content YSZ bi-crystal with a symmetrical 33° [001] tilt grain boundary.
Using peak pairs analysis we determine the expansive and compressive sites at the grain boundary dislocation cores with atomic column precision. By means of electron energy-loss spectroscopy we map the composition at the grain boundary region. We find variations with the periodicity of the dislocation cores where Y strongly increases in composition at the boundary. Comparing the annular dark field image with the relative concentration Y map we identify the segregation of yttrium to a single atomic column. This preferential segregation site, which corresponds to the atomic position under the higher expansive strain is confirmed by density functional theory calculations. The highly localized Y segregation explains the confinement of oxygen vacancies at the dislocation cores and is identified as the main mechanism underlying strain relaxation near the grain boundary, which should be taken into account when explaining the properties of these systems. 
